This paper presents experimental results of a single stage transonic axial flow compressor coupled with low porosity bend skewed casing treatment. The casing treatment has a plenum chamber above the bend slots. The depth of the plenum chamber is varied to understand its impact on the performance of compressor stage. The performance of the compressor stage is evaluated for casing treatment and plenum chamber configurations at two axial locations of 20% and 40%. Experimental results reveal that the stall margin of the compressor stage increases with increase in the plenum chamber volume. Hot-wire measurements show significant reduction in the turbulence intensity with increase in the plenum chamber volume compared to that with the solid casing at the stall condition. At higher operating speeds of 80% and at 20% axial coverage, the stall margin of the compressor increases by 20% with half and full plenum depth. The improvement in the peak stage efficiency observed is 4.6% with half plenum configuration and 3.34% with the full plenum configuration. The maximum improvement in the stall margin of 29.16% is obtained at 50% operating speed with full plenum configurations at 40% axial coverage.
Introduction
Instabilities in the compression systems of aero engines are the greatest issues of concern for all the gas turbine community. The new generations of aero engines demand fewer compressor stages to cut down the weight; at the same time it demands relatively higher distortion tolerance. This unique requirement gives rise to another challenge for the designers of the compression system to develop the compressors with higher loading per stage. This requirement further narrows down the safer operating range of the compressors and makes the compressors stages more prone to the instabilities like surge and stall in the absence of any control devices. Given the potential catastrophic consequences of compressor stall, there is considerable incentive for developing methodologies that can extend the stable operating range of compressors/fans. Many active and passive methods of improving the operating range of compressors/fans are in existence. The active methods like air jets and oscillating inlet guide vanes are not still used in aircraft engines. Passive methods like blade sweep, casing treatments and reshaped casings, blowing, and injections are the most popular methods and thus are preferred to improve the operating range of the compressors/fans. Casing treatment is one of the techniques which are immensely popular in delaying the onset of these instabilities and in extending the operating range of the compression system to lower mass flow rates. However, casing treatments can be applicable only to rotors which are prone 2 International Journal of Rotating Machinery to instabilities in tip regions or so-called tip critical rotors [1] . These benefits can thus pass on the aero engines which can sustain greater inlet distortion tolerance. Casing treatment or placing a porous casing around the rotor tip is in effect a technique to control the casing boundary layers and thus delay the occurrence of the instabilities. This fact has been confirmed by several investigators [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Pioneering work was done by Koch [2] of General Electric, USA, who experimentally studied the effect of outer casing blowing or bleeding in a typical transonic compressor stage with and without inlet flow distortion. Both blowing and bleeding produce significant improvement when stall initiates at the tip. In the case of stall initiation away from the tip, the casing bleed had an adverse effect on the stall limit. It was also observed that the mere presence of a porous casing around the rotor tip was sufficient to cause a marked improvement in the stable flow range. This led to the development of casing treatment and a series of investigations were initiated by NASA [3] [4] [5] to evaluate the effect of various treatment geometries on stall margin and overall performance of axial compressors. Parametric studies on axially and radially skewed slots as well as on circumferential grooves were carried out by Guruprasad [6] in a transonic compressor stage. While the axial/radial skewed slots improved stall margin by almost 25%, the circumferential grooves produced only marginal improvement. Experiments were carried out for different tip clearances, porosity levels, and axial coverage of the treatment slots as well as for different rotor tip speeds. The detailed studies revealed an optimum axial coverage of the treatment slots over the rotor tip. It was also concluded that higher stall margin gains with minimum efficiency penalty can be achieved by optimizing various parameters of casing treatments.
Takata and Tsukuda [7] carried out experiments on a low speed, single stage compressor with axial as well as skewed slot casing inserts and with varying rotor tip clearances. They were the first to report clear evidence of the importance of orientation of skewed grooves on the improvement of stall range and performance. The maximum improvement in the stall margin was noticed when the slots were skewed opposite to the rotor rotation. Fujita and Takata [8] have shown a very close correlation between the increase in stall margin and the loss in efficiency.
Smith and Cumptsy [9] , on a low speed isolated rotor with axial skewed slot casing treatment, showed that the removal of high swirl, high loss fluid from the trailing end and its reintroduction into the main flow near the leading end is mainly responsible for the effectiveness of the casing treatment.
Adams and Smith [10] studied six axial casing treatment configurations with porosity of 69% with radial skewed angle varying from +60 ∘ to −60 ∘ . The maximum improvement in stall margin of 20% above the solid casing was noticed with +45 ∘ skewed. It was concluded from the above studies that an angle of skew of +45 ∘ would be most beneficial. Emmrich et al. [15] [16] [17] carried out numerical and experimental analysis of a single stage subsonic compressor coupled with skewed casing treatment with a porosity of 67%. The slots were inclined to the axial direction by 15 ∘ and to the radial by 45 ∘ in the direction of rotation. The performance of the compressor in the presence of skewed casing treatment was evaluated for different axial coverage of rotor chord varying from 38% to 46%. The experimental and numerical analysis showed the 38% coverage as the best configurations.
Zhu et al. [11] [12] [13] [14] experimentally and numerically evaluated the influence of an axial and bend skewed groove casing treatment on the performance of an isolated rotor with a pressure ratio of 1.249 and mass flow rate of 5.6 kg/s. The porosity was 67% and the numbers of slots were 184. Results showed considerable improvement in the stall margin without efficiency penalty. In this recent development, it was shown to be possible to improve the efficiency of the transonic axial flow compressor stage with axial slots casing treatment with the rotor redesign [19] . Voges et al. [20] carried out interesting measurements with bend skewed casing treatments on transonic stage at 20% axial coverage and observed that there is exchange of fluid between rotor passage and casing treatment slots due to pressure differential. It was observed that, at the stall condition, the periodical injection of energized fluid out of the casing slots stabilizes the tip clearance vortex and thus delays the onset of stall.
The majority of the literatures dealt with casing treatment geometries with higher porosities and reflect losses in the stage efficiency. The bend skewed casing treatment has a potential of improving the stall margin without sacrificing the efficiency. However, very limited published literature reports this type of casing treatment. This was the motivation for studying the performance of a transonic axial stage in the presence of lower porosity bend skewed casing treatment at two axial configurations (20% and 40%). In addition to this, an attempt has also been made to understand the unexplored parameter of the plenum chamber volume coupled to this casing treatment. The performance of the compressor stage in terms of stall margin improvement, efficiency, and nature of stall was studied experimentally for different plenum chamber volume. The experimental results are compared with the compressor stage performance in the presence of the solid casing. The variation of the inlet axial velocity in the tip region at stall condition is also studied using a single component hot wire probe for the solid casing and casing treatment.
Descriptions of the Research Facility
Experimental investigations were carried out in the open circuit axial flow compressor research facility of the Propulsion Division of CSIR-National Aerospace Laboratories, Bangalore. The schematic of the test facility with different measurement planes is shown in Figure 1 . The compressor stage is driven by a variable speed DC motor with a power rating of 1.15 MW at 1000 rpm, through a speed increasing gearbox of 1 : 18 gear ratio and an electronic torquemeter. The speed of the motor was controlled precisely within ±1 rpm using a speed controller and a feedback system. Air enters through the inlet bellmouth, gets compressed in the research compressor stage, and discharged to the atmosphere after passing through an axi-radial diffuser, volute casing, venturimeter, and the exit throttle valve. Mass swallowed by the compressor is measured by the calibrated inlet bellmouth as well as the exit venturimeter. The mass flow rate is then corrected using sea level and local ambient conditions. The power input to the compressor stage is measured using the electronic torquemeter. Four total pressure rakes each comprising 15 radially stacked pitot tubes located at the stator exit at measurement plane 5 and inlet total pressure measured at plane 2 are used to derive the stage total pressure ratio developed by the compressor. Two precalibrated Ktype thermocouples one at the rotor inlet and the other at the stator exit are used to measure the air flow temperature. 
Casing Treatment Configurations
The casing treatment designed for the present experimental study is the bend skewed type with porosity of 21%. The porosity gives the percentage open area and was based on the width of the slots and supporting rib width. The axial length of the casing treatment slots is kept equal to the axial blade chord at the rotor tip section. The treatment has 63 slots with depth of the slots is 11 mm. The slots inlet segment is axial and rear segment is skewed by 45 ∘ following the rotor blade stagger. The axial length of both the segments was kept half of the rotor chord. Both the segments are inclined at 45 ∘ in the radial plane in such a way that the flow is emerging from the casing slots in the counterclockwise direction. The width of the treatment slots is 3.8 mm and is equal to the maximum thickness of the rotor blade. Figure 2 shows the fabricated casing treatment and plenum chamber ring used for the experimental evaluations. The plenum chamber is placed above the casing slots and has maximum depth of 11 mm. This depth is varied in two stages to get the different plenum chamber volume. In the first step, the plenum chamber with zero depth is tested and this configuration of the casing treatment is designated as CT3-NP. In another configuration, the plenum chamber depth is equal to half of the slot's depth and this combination is designated as CT3-HP. In the last and final configuration, the depth of plenum chamber is equal to the depth of the slots and hereafter will be referred to as CT3-FP. All these configurations are tested at axial coverage of 20% and axial coverage of 40% relative to the rotor leading edge. Figure 3 shows the casing treatment with three configurations of plenum chamber placed above the rotor at 20% axial coverage relative to the rotor leading edge.
Results and Discussions
The compressor stage operating envelop is obtained for the solid casing and various casing treatment configurations. The overall envelop with casing treatment is compared with the solid casing. The stall margin improvement (SMI) above the solid casing is evaluated at different operating speeds and for all the configurations of the casing treatment. The operating envelop is generated by operating the compressor at constant speeds and measuring the mass flow rate, stage total pressure ratio, and the efficiency. The variation of the stage total pressure ratio and the efficiency versus corrected mass flow rate gives the operating envelop of the compressor stage.
Compressor Performance Envelop.
The performance envelop of the compressor stage is developed by operating the stage at different speeds and closing the exit throttle valve till the instability in the flow initiates. At each constant speed line, the mass flow rate, stage pressure ratio, and stage efficiency are measured. The mass flow rate is then corrected using sea level and the local operating conditions. The steady state measurements are not carried out for the solid casing within stall due to abrupt stalling characteristics and chances of compressor damage. The measurements are restricted till the prestall points. The comparative performance envelop for the solid and casing treatments configurations are plotted at two different axial locations of 20% and 40%. An improvement in the stall margin and variation of the stage efficiency are studied. Figure 4 shows the comparative variation of the stage total pressure ratio and adiabatic efficiency of the compressor stage for the solid casing and casing treatment with different plenum configurations at 20% axial coverage. Figure 5 gives the percentage improvement in the stall margin above the solid casing with all the configurations of the casing treatment at different operating speeds. The loss and/or gain in the peak stage efficiency above the solid casing is given in the Figure 6 . For the solid casing, the stage total pressure ratio and mass flow rate delivered by the compressor stage increases with the operating speed. Each operating line shows gradual increase in the pressure ratio till the peak value. The decrease in the mass flow rate is gradual with the closure of the exit throttle valve. After the peak pressure, with smaller closure of exit valve, there is a sudden drop in the stage pressure ratio, mass flow rate, and efficiency. The compressor stage, therefore, exhibits an abrupt nature of stall inception. The steady state measurements are restricted in this region as the stage operation leads to excessive vibrations. All the measurements are restricted till 80% of the design speed. The peak stage efficiency decreases with increase in the operating speeds. A drop of about 3.8% in the peak stage efficiency is noticed from 50% operating speed to 80% speed. A peak stage efficiency of 86% is recorded at 50% design speed. The peak stage pressure ratio of 1.242 is observed at a prestall mass flow rate of 16.63 kg/s and at 80% of the design speed. At full flow conditions at this speed, the compressor delivers 19.44 kg/s and has short stable operating range before going into the abrupt stall beyond 16.63 kg/s. The fast degradation in 40  45  50  55  60  65  70  75  80  85  90  95  100   6  8  10  12  14  16  18  20 22 the stage efficiency shows the severity of the losses incurred due to various viscous effects in the tip region at higher operating speeds.
Compressor Performance Envelop at 20% Axial Coverage (0.2C).
At 20% axial converge with CT3-NP casing treatment configuration, the degradation in the stage efficiency is not severe with operating speeds as compared to the solid casing. The peak stage efficiency degraded by about 1.1% compared to 3.8% with solid casing at 80% operating speed. The stage efficiency was lower than the solid casing till 70% design speed. At 80% design speed, the casing treatment shows improvement of about 2% over the solid casing in the peak stage efficiency. This is because of the ability of the casing treatment to minimize the detrimental effects associated with the tip leakage flow. At all the operating speeds, casing treatment maintains marginally higher pressure ratio as compared to the solid casing. One of the reasons for lower efficiency till 70% speed is more power input required for the compressor to maintain the marginally higher pressure ratio.
At all the operating speeds, the compressor stalls at much lower mass flow rates and results in improvement in the stable Casing treatment configurations operating range. The peak stage pressure ratio occurred at lower mass flow rate as compared to that of solid casing because it is possible to operate the compressor at relatively higher incidence with casing treatment. After the peak, the pressure ratio drops gradually, but the compressor stage maintains stable operations. The maximum improvement in the stall margin obtained is 21.25% at 60% operating speed. This configuration gives optimum performance at 80% design speed with 17.22% improvements in the stall margin and with 2.05% gain in the stage efficiency.
CT3-HP configuration shows significant improvement in the stage performance in terms of stall margin and efficiency gain. In this configuration, the plenum chamber depth is equal to half the slot depth. Additional volume of the plenum chamber allows fluid to get settled and injected back into the primary flow. The tip leakage flow enters the plenum chamber through the casing slots and thus weakens the tip leakage flow. This phenomenon improves the compressor pressure recovery and also the stage efficiency. All the operating speeds show improvement in the stage efficiency above the solid casing. At 80% design speed, the improvement in the peak stage efficiency was 4.6% with 20% improvement in the stall margin. For this configuration at this coverage, CT3-HP gives the best performance.
For the CT3-FP configuration with additional increase in the plenum volume, the compressor performance in terms of stall margin improvement increases further at all the operating speeds except at 70%. This configuration also shows effectiveness at 80% design speed with 20.22% improvement in the stall margin and 3.3% gain in the peak stage efficiency. At 50% and 70% design speed, the peak stage efficiency decreases marginally by 0.2% as compared to solid casing with recovery in the stage pressure ratio.
For this axial coverage, the maximum improvement in the stall margin obtained is 28.66% at 60% operating speed for CT3-FP configurations and can be seen from Figure 5 . From Figure 6 it is clear that, at this axial coverage, all the CT3-HP combinations give an improvement in the peak stage efficiency for all the operating speeds. At higher operating speed of 80% all the configurations of casing treatments improve the stage efficiency.
Compressor Performance Envelop at 40% Axial Coverage (0.4C).
At 40% axial coverage, 40% of the casing treatment slots are exposed to the rotor blade tip. With CT3-NP configuration, the improvement in the stall margin is slightly lower than 20% axial coverage at all the operating speeds. The peak stage pressure ratio shows marginal reduction than the previous coverage but maintains relatively higher than that with the solid casing. This configuration results in significant drop in the peak stage efficiency as compared to the solid casing and 20% axial coverage. This reduction in the peak stage pressure ratio and efficiency is due to interaction of the tip flow with casing slots. Rotor requires more work to overcome the slot resistance and maintain the stage pressure ratio and mass flow rate. This results in higher torque input and therefore leads to drop in the efficiency. Figure 7 shows the comparative variation of the stage total pressure ratio and the adiabatic efficiency of the compressor stage with solid casing and casing treatment with different plenum configurations at 40% axial coverage. Figures 8 and 9 summarize the compressor stage performance in terms of stall margin improvement and efficiency variations. Figure 8 shows the improvement in the stall margin above the solid casing with all configurations of casing treatment at different operating speeds. From Figure 8 it is clear that maximum improvement in the stall margin of 29.165% is obtained with CT3-FP at 50% speed. Loss and gain in the peak stage efficiency are given in Figure 9 . Maximum gain of 2.973% in the peak stage efficiency is obtained with CT3-HP configuration at 80% design speed.
For the CT3-HP case too, the stage performance improves with the increase in the plenum chamber volume. efficiency. At all the operating speeds, the stall margin is higher than the CT3-NP configurations. A maximum improvement in the stall margin noticed is 27.07% and 25.36% at 50% and 60% design speed, respectively. This configuration also shows improvement of 2.97% in the peak stage efficiency above the solid casing at 80% operating speed. With further increase in the plenum volume with CT3-FP configurations, the stall margin further increases to 29.16% and 19.07% at 50% and 80% design speed, respectively. However, this increase in the plenum chamber volume causes reduction in the peak stage efficiency at all the operating speeds other than 80% speed as compared to solid casing. At higher operating speed of 80%, all the casing treatment configurations except CT3-NP at 40% coverage show improvement in the stall margin and the peak stage efficiency compared to the solid casing. This shows the positive impact of the casing slots and the plenum chamber in controlling the tip leakage flow and associated detrimental effects.
At both the axial coverages, a CT3-HP configuration gives the best performance and thus shows that there is a distinct relationship between the casing treatment porosity, slot, and the plenum chamber depth. parameters are evaluated at full flow (FF) and near stall flow (NSF) conditions for the solid casing and casing treatment configurations. Figures 10 to 12 show the comparative variations of these flow parameters at 80% design speeds and at 20% axial coverage. The axial positions of 20% are chosen because, at this coverage, the compressor performance is optimum. The probe is traversed using an automatic probe traverse mechanism with 1 mm resolution within the tip and the hub boundary layers.
Variation of Rotor Exit Flow

Absolute Flow Angle.
The rotor exit absolute flow angle gives the angle between the absolute velocity and axial velocity vectors. It is an indicator of the flow swirl and reduction in the axial velocity of the flow at constant tangential speed. Figure 10 (a) gives comparative variations of absolute flow angle at the rotor exit with casing treatment and solid casing. For the solid casing, the flow angle decreases gradually towards the tip region. The hub region shows higher flow angle because of the larger swirl induced by the rotor blade due to higher blade curvature and hub boundary layer. The effect of hub boundary layer is not that significant as the rotor scraps the development of boundary layers. The flow angle decreases gradually till 85% of the blade span and then increases towards the rotor tip regions. This effect seems to be dominating in the 15% blade height from the tip region. Increase in the flow angle is observed to be very sharp in this zone. This increase in the flow angle is due to the reduction in the axial velocity and increase in the boundary layer and tip leakage flow in the tip regions. The maximum flow angle measured is 46 ∘ at 99% blade height and minimum of 31 ∘ at 85% of blade height. This shows that the tip effects are very dominating in this 14% height. At near stall flow conditions for the solid casing, the flow angle follows similar trends but maintains higher values throughout the blade height.
The maximum flow angle recorded is 52
∘ at a blade height of 99%. This increase in the flow angle is due to the reduction in the axial velocity and increase in the back pressure because of the closure of the exit throttle valve.
The CT3-NP, CT3-HP, and CT3-FP configurations do not affect the behavior of the absolute flow angle at the full flow condition. At the near stall flow condition, with CT3-NP, the flow angle is the lowest as compared to the other two configurations. With this configuration, the trends in the flow angle are similar to those observed for the solid casing at both the operating conditions. The CT3-HP and CT3-FP configurations at stall condition record higher flow angle throughout the blade span. In the tip region with these two configurations, increase in the flow angle is very steep because of higher retardation in the axial velocity as can be observed from Figure 10 Rotor exit total pressure ratio (P 02 /P atm. ) Rotor exit static to total pressure ratio (P s2 /P atm. ) 
Absolute Mach Number.
The radial variations of absolute Mach number are shown in Figure 11 (a). At full flow condition, the absolute Mach number is higher than the axial Mach number. An absolute Mach number of 0.55 is obtained with all the configurations at the full flow condition. The profile is fairly constant in the core region and skewed in the tip region. The lower axial velocity in the tip regions leads to lower values of absolute Mach number in these regions. At near stall flow condition, it further reduces due to increase in the back pressure created by the closure of the exit throttle valve. For the solid casing at near stall flow condition, the absolute Mach number is higher than that of the full flow condition because of higher tangential velocity component and can be observed from Figure 11 (b). CT3-FP configuration results in lower Mach number in the core region as compared to the other configurations. This is because, with the FP configuration, it is possible to throttle the compressor to further lower mass flow rate. In the tip region with all the casing treatment plenum chamber configurations at near stall flow condition, the absolute Mach number is higher than the full flow condition at corresponding blade span. 
Tangential Mach
Total and Static Pressure. Figures 12(a) and 12(b)
show the radial variation of total and static pressure along the blade height, respectively. Both the profiles show the characteristics of a tip strong rotor. The total pressure and static pressure increase along the blade height and increase with the exit throttle valve closure. At the full flow operating condition, the total pressure profiles show exact match with the solid casing and all the configurations of casing treatments. The total pressure profile is more skewed in the tip region. The solid casing shows the lowest pressure at the rotor tip as compared to the other configurations because of higher losses incurred by the leakage flow and the boundary layer effects. These losses are controlled by the casing treatments and reflect on the total pressure profiles. The peak total pressure ratio of 1.28 is recorded with CT3-HP configuration. At near stall flow condition, the total pressure ratio increases because of the reduction in the axial velocity. At this condition, the profile skewness decreases in the tip region. The overall pressure ratio developed by the rotor decreases marginally with the increase in the plenum chamber height. The reduction in the pressure ratio, however, is not so severe. At near stall condition, the CT3-FP shows the static pressure recovery because with this casing treatment configuration, the compressor stalls at lower mass flow rate and thus results in higher stall margin improvement.
Variation of Rotor Inlet Axial Velocity.
As the compressor operation shifts from stable operating condition to unstable condition, the inlet axial velocity fluctuates. The fluctuations in the axial velocity are normally more dominant in the tip region. A single component hot wire probe was placed in the tip region to measure the axial velocity fluctuations. The probe was located one rotor chord ahead of the rotor leading edge and 5 mm away from the casing wall. The stall initiates while the compressor operates at constant speed and the exit throttle valve is closed gradually. The hot wire probe was calibrated using the hot wire calibrator setup. The sampling frequency is varied from 20 kHz to 50 kHz for different configurations and for different operating conditions. All the data is acquired and processed offline. FFT is performed to get the dominating frequency for the solid and casing treatment configurations. The hot wire measurements are restricted at 6625 rpm and 7950 rpm, which correspond to 50% and 60% design speed, respectively. All the signals are compared with solid casing at 7950 rpm (60% operating speed). Figure 13 (a) shows the variation in the inlet axial velocity for the solid casing at stall for 0.1 s. At each operating condition, the turbulence intensity is calculated and compared. At this operating speed, with the solid casing, the compressor stage stalls at very high mean velocity of 91 m/s and results in high turbulence intensity of 41%. This can be seen from At this coverage with addition of plenum chamber volume, the turbulence intensity reduces continuously. The lowest turbulence intensity of 15.57% was recorded for the CT3-FP configuration and can be seen from Figure 17 . This shows that, at stall condition, the intensity of turbulence created by the casing treatment can be reduced by allowing the fluid to settle in the plenum chamber of the casing treatment. This increase in the plenum chamber acts as an additional damper, reducing the intensity further. With CT3-HP configuration, the stall cell moves at 71 Hz with an amplitude of 7.5 m/s and can be seen from Figure 15 . At this coverage, when the compressor is coupled with the CT3-FP configuration, the stall cell travels with slightly higher speed of 73 Hz which corresponds to 55% of the rotor speed and can be seen from Figure 16 . The amplitude in this case reduces further to 5 m/s. From this, it can be concluded that, in the presence of casing treatment with higher plenum volume, stall cell travels at relatively higher speed. For all the casing configurations at stall condition, the mean axial velocity recorded was around 64.5 m/s. However, the lowest RMS velocity of 9.98 m/s was )   80  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78 )   80  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78 recorded at CT3-FP, which reduces the turbulence intensity in this configuration. Figure 15 . With increase in the plenum chamber volume to FP as shown in Figure 16 , the amplitude of oscillations further comes down to 4.5 and stall cell travels at 71 Hz. For this configuration, the mean axial velocity of 61 m/s is recorded. The compressor stalls at relatively lower mass flow rates with this configuration at 40% axial coverage compared to other configurations. From the above analysis, it is clear that the irrespective of the axial coverage, the amplitude of the oscillations, and turbulence level decrease with increase in the plenum chamber volume. All the casing treatment configurations reduce the intensity of stall as compared to the solid casing. With CT3-NP configuration, the nature of stall is similar to the solid casing, but with lower intensity. At both the axial coverages, with increase in the plenum chamber depth, the stall cell frequency remains more or less similar at the respective coverages.
Conclusions
Experimental studies on bend skewed casing treatment of 21% porosity have been carried out to study the impact of plenum chamber volume on the performance of a single stage transonic axial flow compressor. The following conclusions can be drawn based on this study.
(1) Peak stage efficiency of the compressor stage decreases significantly with increase in the operating speed. The peak stage efficiency decreases by 3.8% from 50% operating speeds to 80% of the design speed.
(2) Low porosity bend skewed casing treatment improves the stability margin of a single stage transonic axial flow compressor significantly.
(3) It is possible to enhance the performance of the compressor stage by incorporating the plenum chamber above the casing treatment. The stall margin increases with increase in the plenum chamber depth at both the axial coverages for 50% and 80% of the design speed.
(4) At 20% axial coverage and 80% design speed, all the three configurations of casing treatment show increase in the peak stage efficiency above the solid casing. This shows the positive effects of placing bend skewed casing treatment above the rotor in controlling the detrimental effects associated with the tip leakage flow.
(5) At 20% axial coverage and at all the operating speeds CT3-HP gives an optimum performancein terms of stall margin improvement and gain in the stage efficiency.
(6) At 70% operating speed and both the axial coverages CT3-NP configuration produces loss in the peak stage efficiency. At 20% coverage CT3-NP configuration improves the stall margin by 8.423% at the cost of 1.76% efficiency penalty. At 40% axial coverage the penalty in efficiency is 3.2% with 8.13% improvement in the stall margin.
(7) Maximum improvement in the stall margin of 29.16% is obtained at 50% operating speed with CT3-FP configurations at 40% axial coverage. (10) From the present experimental study it can be concluded that even with lower porosity bend skewed casing treatment and plenum chamber combination it is possible to achieve sufficient stall margin improvement and gain in the stage efficiency. Rotor inlet condition 2:
Nomenclature
Rotor exit condition 3:
Stator exit condition.
Equation
Porosity (%) = ( /( + )) × 100.
